Abstract-Synaptic transmission is usually studied in vitro with electrical stimulation replacing the natural input of the system. In contrast, we analyzed in vivo transfer of visual motion information from graded-potential presynaptic to spiking postsynaptic neurons in the fly. Motion in the null direction leads to hyperpolarization of the presynaptic neuron but does not much influence the postsynaptic cell, because its firing rate is already low during rest, giving only little scope for further reductions. In contrast, preferred-direction motion leads to presynaptic depolarizations and increases the postsynaptic spike rate. Signal transfer to the postsynaptic cell is linear and reliable for presynaptic graded membrane potential fluctuations of up to approximately 10 Hz. This frequency range covers the dynamic range of velocities that is encoded with a high gain by visual motionsensitive neurons. Hence, information about preferred-direction motion is transmitted largely undistorted ensuring a consistent dependency of neuronal signals on stimulus parameters, such as motion velocity. Postsynaptic spikes are often elicited by rapid presynaptic spike-like depolarizations which superimpose the graded membrane potential. Although the timing of most of these spike-like depolarizations is set by noise and not by the motion stimulus, it is preserved at the synapse with millisecond precision.
Synapses represent key elements in neuronal information processing, since they often do not merely transmit information. Instead, they may act as temporal filters Rose, 1997, 2001; Trussell, 1999) and may change their properties in an activity-dependent way (Thomson, 2000; Fortune and Rose, 2001) . We address the question of how synaptic transfer is tuned to the dynamics of the presynaptic input and of the sensory stimuli processed by the system. The analysis is done on an identified synaptic connection in the visual motion pathway of the blowfly. At this connection the presynaptic neurons encode visual motion information by graded shifts of their membrane potential with superimposed spike-like depolarizations ('spikelets'), which are based on voltage-dependent sodium conductances. These may be partly inactivated during pronounced motion-induced depolarisations, resulting in a highly variable spikelet amplitude, ranging from a few millivolts to approximately 40 mV (Hausen, 1982; . Although neurons in various systems show such a mixed response type (e.g. Angstadt and Calabrese, 1993; Manor et al., 1997; Isaacson and Strowbridge, 1998; Simmons, 2002a,b) it is not yet clear how synapses cope with the combination of different modes and timescales in presynaptic activity.
The relevant timescale of signal transfer between neurons can only be assessed if the dynamics of the signals under the system's normal operating conditions are known. Therefore, we investigate synaptic signal transfer under in vivo conditions where the natural range and temporal pattern of synaptic activity can be evoked by sensory stimulation. The analyzed neurons belong to a neuronal ensemble, the tangential cells (TCs) , that is tuned to the flow of retinal images as it occurs during locomotion (Hausen and Egelhaaf, 1989; Egelhaaf et al., 2002) . Most TCs integrate the signals of many local motion-sensitive elements subserving the ipsilateral eye. Other TCs receive their input from such integrating TCs and convey optic flow information to the contralateral visual system (Hausen and Egelhaaf, 1989; Hausen, 1981; Warzecha et al., 1993; Strausfeld et al., 1995; Horstmann et al., 2000; Krapp et al., 2001; Haag and Borst, 2001 ). An example of the latter type of TC is the V1-cell that is probed in the present study (Fig. 1A) . The V1-cell is postsynaptic to three VS-neurons (for details see below and Kurtz et al., 2001) . The receptive fields of the three VS-cells overlap, but their centers are slightly shifted with respect to each other (Krapp et al., 2001) . Whereas V1 transmits visual motion information by spikes (Krapp et al., 2001) , VS-cells respond to visual motion by graded de-or hyperpolarizations with superimposed spikelets (Fig. 1B , Krapp et al., 1998; Hengstenberg, 1982) . Both signal components, i.e. graded membrane potential changes and spikelets, can be recorded close to the output terminal of VS-cells and, therefore, are expected to be present at the terminal membrane. Hence, the presynaptic activity of VS-cells varies on a wide range of timescales and shows a complex dynamic structure.
In a previous account we could show that the graded presynaptic depolarizations of VS-cells induced by constant velocity motion are transformed almost linearly into the postsynaptic spike rate of V1 (Kurtz et al., 2001) . While constant velocity stimuli facilitated in this study the imaging of motion-induced changes in presynaptic calcium concentration, it is clear that this type of visual motion hardly ever occurs under natural conditions, where the retinal image is continually displaced while the animal moves around in its environment. Therefore, we extended the analysis to dynamic velocity fluctuations. This dynamic stimulation now allows us to address the following questions. (i) Does linearity of synaptic transfer also hold for dynamic stimulation? (ii) On what timescale do postsynaptic spikes couple to presynaptic potential changes? (iii) What is the relevant timescale for conveying visual motion information?
EXPERIMENTAL PROCEDURES Preparation and electrophysiology
For electrophysiological experiments female blowflies of the genus Calliphora were taken from our laboratory stocks. Dissection of animals followed our standard routine as described elsewhere (see e.g. Dü rr and . The experiments were performed at room temperature (21-23°C).
Experiments were started by recording V1 extracellularly in its output arborizations in the left optic lobe (see Fig. 1 ). V1 was identified by its sensitivity to downward motion in the frontal part of the right visual field. Extracellular recording was done with standard equipment using glass electrodes (resistance: 4 -8 M⍀ when filled with 1 M KCl). Spikes were thresholded and the resulting pulses sampled at 4096 Hz. Once a stable V1 recording was established, a VS-neuron was penetrated close to its output terminal in the right visual system. VS-neurons were identified by graded depolarizations during downward motion in circumscribed parts of the right visual field (Krapp et al., 1998) . Intracellular electrodes had resistances of 20 -40 M⍀ when filled with 1 M KCl. The membrane potential was analog-digital converted at a rate of 4096 Hz with an amplitude resolution of 0.0244 mV.
Visual stimulation
Moving square-wave gratings were used as stimuli (spatial wavelength: 18°, mean luminance: 20.5 cd/m 2 ) and displayed on a cathode ray tube (Tektronix 608) at a frame rate of 183 Hz by a PC-controlled image synthesizer (Picasso, Innisfree, Cambridge, MA, USA). In previous investigations it was ensured that spikes do not time lock to this frame rate (Warzecha and Egelhaaf, 1999; Warzecha et al., 1998) . The center of the monitor screen was at an azimuth/elevation of 60°/23°with 0°/0°corresponding to the frontal midline of the fly. The frontal edge of the screen had an azimuthal position of Ϫ10°. The horizontal extent of the stimulus pattern was 120°, its vertical extent 104°.
Pattern motion lasted for 4 s. Two types of pattern motion were used: constant and randomly fluctuating velocity. The brightness contrast of the constant velocity stimuli was either 0.14, 0.26 or 0.67. To obtain a dynamic velocity stimulus, Gaussian whitenoise velocity fluctuations were generated and low-pass filtered with a cutoff at 80 Hz to avoid aliasing due to the frame rate limit. The S.D. of the final velocity fluctuations was 111°/s. On average, the velocity of the motion stimulus was 0°/s. Individual stimulus presentations were separated by intervals of 2.5 s during which the display assumed mean luminance. To attain independence from peculiarities of a particular stimulus, 16 different dynamic stimulus traces with the same statistical properties were presented in pseudo-random order. The contrast of the dynamic stimuli was 0.67. 
Data analysis
The data were evaluated off-line with programs written in MatLab 5.0 (The MathWorks, Natick, MA, USA). The transformation of the presynaptic potential into postsynaptic spike activity was analyzed in various ways:
To determine the relationship between pre-and postsynaptic signals (as shown in Fig. 2 ), the time-dependent 'instantaneous spike rate' was estimated from the individual spike trains as the inverse of the corresponding interspike interval. The spike rate and the presynaptic potential were smoothed with a Gaussian filter (ϭ20 ms). The filtered presynaptic potential was subdivided into 0.5-mV classes. For each instant of time the postsynaptic spike rate was assigned to the corresponding presynaptic potential class. The mean and S.D. of the spike rate values were determined for each class and plotted as a function of the presynaptic membrane potential. Data obtained with all 16 dynamic motion traces were pooled. The exact width of the filter is not very critical since we obtained basically the same results for filters with an S.D. of 10 ms and 40 ms.
Reverse reconstruction was used according to well-established procedures (Dayan and Abbott, 2001; Gabbiani and Koch, 1998) to estimate the presynaptic membrane potential from the postsynaptic spike trains. The VS-cells are depolarized during preferred-direction motion and hyperpolarized to more negative potentials than the resting level during motion in the opposite direction, the so-called null direction. In contrast, the spike activity of V1 increases during preferred-direction motion, but cannot decrease much during null-direction motion since the resting activity of V1 is low (Fig. 1B) . To account for this rectification, segments of the presynaptic potential that were below the neuron's resting potential were set to the resting potential for reverse reconstruction (see also Machens et al., 2001) . In this way it is possible to focus the analysis on the operating range of the V1-cell. The presynaptic (p i ) and postsynaptic responses (r i ) to each of the 16 dynamic stimulus traces (s i ) were Fourier-transformed to P i (f) and R i (f) and the auto-and cross-correlations were calculated as the products of the complex functions. The frequency response of the reconstruction filter is then given by
͗ ͘ denotes the average over the individual responses to all 16 stimuli; · denotes the dot product and * denotes the complex conjugate. The estimated presynaptic signal was calculated in the time domain by convolving the postsynaptic spike train with the impulse response of the best linear filter obtained by reverse Fourier transformation of H(f). To test to what extent the presynaptic potential is transformed linearly and reliably into the postsynaptic spike activity, the coherence function was determined (Marmarelis and Marmarelis, 1978; Borst and Theunissen, 1999) :
In a perfectly linear and noise-free system, the coherence function equals one for all frequencies. In a frequency range where the coherence is close to one, the system can be regarded as very reliable and approximately linear. Without rectification of the presynaptic signal the coherence was found to be slightly smaller than is the case when the presynaptic signal is rectified (unpublished results). This reduction is due to the fact that the capacity of the postsynaptic neuron to signal motion in the null direction is restricted to a very small response range compared with the range of responses elicited by motion in the preferred direction (see above). Hence such a reduction of the coherence pertains to spike generation in the postsynaptic neuron rather than to synaptic transmission. Therefore, all analysis presented here was done with rectified presynaptic signals which cover the postsynaptic operating range more adequately than non-rectified signals.
Reverse reconstruction was also employed to determine the best linear filter by which the stimulus can be estimated on the basis of either the presynaptic or the postsynaptic response. For equivalent reasons as outlined above, the rectified forms of the the The instantaneous spike rate of V1 was estimated from the individual spike trains as the inverse of the corresponding interspike intervals. Both the instantaneous spike rate and the presynaptic potential were smoothed with a Gaussian filter (ϭ20 ms). The individually filtered presynaptic potential traces were subdivided into 0.5-mV classes. For each instant of time the postsynaptic spike rate was assigned to the corresponding presynaptic potential class. Finally, the mean and S.D. of the spike rate values were determined for each membrane potential class. Data obtained with all 16 dynamic motion sequences were pooled. stimulus and the presynaptic response were used for reverse reconstruction.
Correlation techniques were used to analyze the time locking of pre-and postsynaptic responses on a fine timescale. The details are given in the Results section and figure legends.
Although fly TCs are comparatively easy to record from, it is still very hard to do joint recordings from pairs of cells for a sufficiently long time to permit the quantitative analyses that we performed. Moreover, the data had to be carefully checked for drifts and other non-stationarities to avoid artifactual results. Therefore, a large proportion of recordings had to be discarded. The analysis done with white-noise velocity fluctuations is based on one dual recording between VS1 and V1 and on four dual recordings between VS2/3 and V1. The 16 dynamic motion traces were presented in each experiment two to five times. The data obtained with constant-velocity stimuli are based on two dual recordings of VS2/3 and V1. In each experiment, the three different contrasts were presented 11 times in pseudorandom order.
Power spectra of the stimulus-induced response components of the presynaptic VS-cell, i.e. the component of the response that is directly linked to the stimulus and free of noise, were calculated as the Fourier transforms of the cross-correlograms of pairs of response traces that were recorded during presentation of the same stimulus trace.
RESULTS
The synaptic transfer of visual motion information between presynaptic VS-cells and the postsynaptic V1-cell was studied in vivo (for an example see Fig. 1A ). V1 receives input from three of the 10 VS-cells, the VS1-, VS2-and VS3-cell. Because VS2 and VS3 have almost the same structure and very similar functional properties (Krapp et al., 1998) , we did not distinguish between them. In each experiment, synaptic coupling between a VS-cell and V1 was confirmed by injecting current into the presynaptic neuron while monitoring the spike activity of V1. Depolarizing current increased the spike activity in V1, hyperpolarization led to a decrease in spike rate below the resting level. Relationships between the depolarizing presynaptic current and changes in postsynaptic spike rate are approximately linear (Fig. 1C) . However, the slope of the relationship varied between preparations. Sometimes injection of only ϩ2 nA led to more than 120 postsynaptic spikes/s, which is about half of the largest responses that are elicited in V1 by visual motion stimulation. In other experiments only smaller changes in postsynaptic spike rate could be elicited (Fig. 1C) . This variability is not necessarily a consequence of variable synaptic gain, because the presynaptic depolarizations do not only depend on current strength, but also on methodological factors, such as the distance between the injection site and the presynaptic terminals.
Synaptic transfer of slow presynaptic signals
Despite differences in the resting potential of VS-cells, the relationship between the membrane potential changes elicited by band-limited white-noise velocity fluctuations and the corresponding instantaneous spike rate was basically the same for all analyzed cell pairs (Fig. 2) . When the VS-cell hyperpolarized during upward motion, the spike rate of V1 did not change much. During downward motion the postsynaptic spike rate increased approximately linearly with presynaptic depolarization for the entire activity range elicited by dynamic motion. A similar relationship was found for constant velocity motion (Kurtz et al., 2001) . The gain between presynaptic potential and postsynaptic spike rate, as determined for the range between 50 and 200 postsynaptic spikes/s and the corresponding presynaptic membrane potentials, amounts to 17.9Ϯ3.8 spikes/ s/mV (meanϮS.D.; 5 cell pairs).
To resolve synaptic transfer characteristics for the different frequencies in the presynaptic signal, a reverse reconstruction approach was applied (see Experimental Procedures). Usually this approach is employed to relate neuronal responses to sensory stimuli (for examples on fly motion vision see Bialek et al., 1991; . In contrast, we utilized this method to determine to what extent the presynaptic potential fluctuations can be reconstructed by convolving the postsynaptic spike train with the linear filter that leads, on average, to the smallest error between the reconstructed and the recorded presynaptic signal. On a coarse timescale the graded potential fluctuations of the recorded and the reconstructed signals closely resemble each other, whereas on a fine timescale the presynaptic membrane potential cannot be recovered by reverse reconstruction (Fig. 3A) .
The coherence function was determined to quantify to what extent the temporal frequency components of the presynaptic signal are linearly transformed into postsynaptic spike activity. For all analyzed cell pairs, the coherence between the reconstructed and the recorded presynaptic potential fluctuations is high (Ͼ0.9) for temporal frequencies below approximately 10 Hz. For higher frequencies the coherence decreases (Fig. 3B) . Hence, for frequencies below 10 Hz the signal transfer between the presynaptic VS-cells and the postsynaptic V1-cell is approximately linear and reliable.
From the coherence function on its own it is not possible to assess whether signal transfer at frequencies above 10 Hz is unreliable or nonlinear (or both). Approaches established to disambiguate these two aspects Roddey et al., 2000) cannot be applied to characterize the synaptic information transfer during visual stimulation, because they would require repeated trials in which the time course of the presynaptic potential were identical. This requirement, however, cannot be satisfied on the basis of experiments where synaptic signal transfer is investigated by visual stimulation, because of the large variability of the neuronal responses elicited by the same visual motion sequence. Therefore, a different approach was applied to characterize synaptic transfer of membrane potential fluctuations in a frequency range above 10 Hz.
Synaptic transfer of rapid presynaptic signals
The spikelets that superimpose the graded depolarizations are the most pronounced rapid membrane potential changes found in the presynaptic neurons. Therefore, our analysis of synaptic signal transfer on a fine timescale focused on the relationship between these presynaptic signal components and the timing of the postsynaptic spikes.
The average presynaptic potential that coincides during dynamic motion stimulation with a postsynaptic spike consists of a depolarization with a width at half-maximum amplitude of some tens of milliseconds that is superimposed by a peak of only a few milliseconds width (Fig. 4A,  left) . This peak indicates that not only relatively slow depolarizations are synaptically transmitted, but also spikelets. The shuffled spike-triggered averages that were elicited by the same motion sequence, but not recorded simultaneously, only show the broad but not the narrow peak (Fig. 4A, right) . Hence, the spikelets do not appear to be tightly time locked to stimulus motion (see also below).
The same conclusion can be drawn for all analyzed cell pairs from the frequent coincidences of fast presynaptic membrane potential transients, such as spikelets, and postsynaptic spikes. Since presynaptic spikelets do not have a constant amplitude but vary considerably in size, there is no generally applicable criterion to isolate spikelets. In order to investigate the effects of rapid membrane potential transients we decided to select depolarizations with a slope of more than 4 mV/ms. By this criterion, rapid membrane potential transients-in particular most of the spikelets-are included in the analysis. The reliability of transmission of these presynaptic membrane potential transients was quantified by determining the relative frequency of presynaptic potential transients that lead to a postsynaptic spike within time bins of 0.24 ms (Fig. 4B,  left) . A large proportion (0.67Ϯ0.18; meanϮS.D. for the analyzed cell pairs) of presynaptic depolarizing transients cause a postsynaptic spike within a time window of Ϯ0.96 ms. Again, the narrow correlation peaks disappear when coincidences between presynaptic depolarization transients and postsynaptic spikes are determined in traces that were evoked by the same stimulus, but not recorded simultaneously (Fig. 4B, right) . If presynaptic spikelets and postsynaptic spikes would time lock with a millisecond precision to dynamic motion stimuli, the shuffled correlograms should show a similarly narrow peak as was found for simultaneously recorded responses. Consequently, VS-V1 synapses transmit a large proportion of rapid depolarizations to the postsynaptic cell, although many of these membrane potential transients are not precisely time locked to the visual stimulus.
Reliable transmission of rapid depolarisations was further corroborated in another way. Here the reliability of synaptic signal transfer was quantified by relating the S.D. of the timing of the first postsynaptic spike after the onset of constant velocity motion to the corresponding temporal change in presynaptic depolarization. We analyzed the onset of a motion stimulus because this represents the most rapid velocity change that is conceivable. This stimulation procedure is chosen to investigate the system at its limits. For three pattern contrasts the slope of the presynaptic potential was determined for the initial response peak after motion onset. To account for response latencies , the first spike which was generated later than 20 ms after motion onset was used for determining the precision of spike timing. The spike jitter decreases monotonically with increasing slope of the presynaptic potential. It may decrease to only a few milliseconds when the presynaptic membrane potential depolarizes very fast as is characteristic of the motion onset of a Hyperpolarizations of the presynaptic neuron do not much affect the activity of the postsynaptic cell (due to the low postsynaptic resting activity). Therefore, the presynaptic potential was rectified at the resting potential of each response trace and was then used for the reconstruction. The resting potential was determined in a 1-s window before motion onset. The part of the response that was rectified is marked by the shaded bar. As a measure of the similarity between the recorded and the estimated presynaptic membrane potential traces the coherence function was determined. (B) Coherence determined for the five cell pairs analyzed with random-velocity fluctuations. Cell pairs are the same as in Fig. 2 . The coherence values close to 1 for frequencies up to 10 Hz indicate that the system can be regarded as very reliable and approximately linear in this frequency range.
high-contrast pattern. The spike jitter is much larger when the slope of the presynaptic potential is only shallow, as is characteristic of motion onsets of low-contrast stimuli (Fig. 4C) .
These results suggest that synaptic signal transfer between VS-cells and V1 can be very precise on a fine timescale provided that the presynaptic membrane potential depolarizes rapidly. This conclusion raises the question of on what timescale information about visual motion is transmitted at VS-V1 synapses.
Relationship between synaptic signal transfer and motion stimuli
The relationship between visual motion stimuli and the performance of synaptic signal transfer was assessed in several ways. It was concluded above that, in accordance with previous findings (Warzecha et al., 1998) , most spikes and spikelets in fly TCs do not time lock with a millisecond precision to dynamic motion stimuli (Fig. 4A, B) . Fast mem- or the responses that were elicited by the same motion sequence, but not recorded simultaneously (right), were cross-correlated. All responses during dynamic motion stimulation were used for the analysis irrespective of the instantaneous stimulus velocity. The analysis was done for five cell pairs separately as indicated by the different colors. (B) Coincidences between presynaptic membrane potential transients and postsynaptic spikes of simultaneously recorded responses (left) and responses that were elicited by the same stimulus but not recorded simultaneously (right). Depolarizations with a slope of larger than 4 mV/ms were selected as membrane potential transients. The analysis was conducted at a temporal resolution of 0.24 ms. The number of coincidences was normalized with respect to the number of presynaptic potential transients. Hence an ordinate value of 0.3 indicates that 30% of the presynaptic potential transients elicit a postsynaptic spike within 0.24 ms. The analysis was done with the same five cell pairs as used in A. (C) Relationship between changes in presynaptic membrane potential and the temporal jitter in the occurrence of the first postsynaptic spike after motion onset. Three pattern contrasts (0.14, 0.26 and 0.67) were used to vary the stimulus strength. The slope of the presynaptic potential was determined as the ratio between the time it took the cell to depolarize to the initial response peak after motion onset starting at the 30% peak level and the corresponding membrane potential values. To account for response latencies, the first spike occurring at least 20 ms after motion onset was used for determining the precision of spike timing. The jitter in spike timing was determined as the across-trial S.D. of the times of occurrence of the first spike. The insets give two examples of averaged presynaptic potentials (upper diagrams) and raster plots of sequences of individual spike responses (lower diagrams). The blue horizontal bar indicates the time of motion stimulation. The timescale of the insets is given in the upper right diagram, it denotes 50 ms. The vertical scale bar indicates 5 mV. The data are based on two dual recordings in each of which all contrasts were tested. brane potential depolarizations are needed to trigger spikes with a high temporal precision (Mainen and Sejnowski, 1995; Nowak et al., 1997; Kretzberg et al., 2001) . However, as a consequence of the mechanism of visual motion computation, the neural representation of highfrequency velocity fluctuations is largely attenuated (Egelhaaf and Reichardt, 1987; Warzecha et al., 1998) . This feature of visual motion computation also becomes obvious when analyzing power spectra of the stimulus-induced component of VS-cell responses (Fig. 5A) . At low frequencies the power of the membrane potential fluctuations is large, but it decreases with increasing frequencies much more steeply than the power of the velocity fluctuations of the motion stimulus does. Thus, for frequencies up to about 10 Hz, where velocity fluctuations are transmitted with a high gain, the signal transfer at VS-V1 synapses is almost linear (compare Figs. 3B and 5A).
As a consequence of the reliability of VS-V1 synapses and the linearity of signal transfer in the low-frequency range, preferred-direction motion can be estimated by reverse reconstruction almost equally well from presynaptic and from postsynaptic signals (Fig. 5B) . The average coherence between sections of the stimulus with motion in the preferred direction and the corresponding neuronal response sections is only insignificantly smaller when the postsynaptic response rather than the presynaptic response is taken into account. In accordance with previous findings , this similarity also suggests that different response modes, i.e. graded versus spiking, do not per se affect the reliability with which motion information is encoded. Since the relationship between stimulus velocity and the time course of the TCs' response is highly nonlinear for rapidly varying motion stimuli (Egelhaaf and Reichardt, 1987) , the relatively low coherence can be attributed partly to the mechanisms underlying visual motion processing . Notwithstanding, the relationship between stimulus and neuronal response is-apart from rectification-not much affected by the intervening synapse and by spike generation in the postsynaptic neuron.
DISCUSSION
Synaptic signal transfer was analyzed for pairs of identified motion-sensitive neurons of the fly, stimulated in a natural way by sensory input rather than artificially by current injection. In this way the range of presynaptic membrane potential amplitudes as well as the timescale on which the presynaptic potential varied came close to the natural operating range of the system. It was shown that both graded membrane potential changes and rapid spike-like depolarizations are transmitted. Transfer of visual motion information is linear and reliable not only under steady-state conditions (Kurtz et al., 2001 ), but also for presynaptic membrane potential fluctuations up to approximately 10 Hz. Furthermore, rapid presynaptic potential changes, such as spikelets, elicit postsynaptic spikes with a high probability, although most of the rapid potential changes are not timelocked precisely to visual motion stimulation ( Fig. 4A, B ; see also Warzecha et al., 1998) . Precise time locking of neuronal signals to motion stimuli occurs in fly TCs only after very rapid velocity changes (de Ruyter van Steveninck et al., 2001; Bialek, 1988, 1995; Warzecha and Egelhaaf, 2001 ). This To account for the rectification nonlinearity due to spike generation and the low spontaneous activity of V1, the presynaptic membrane potential traces and the velocity traces were rectified. The threshold for the presynaptic potential was the resting potential as determined during 1 s before motion onset. During null-direction motion the velocity of the stimulus trace was set to zero. The relationship between the stimulus and the neuronal response is quantified by the coherence functions. The mean coherences between frequencies of 2 Hz and 10 Hz averaged over the five cell pairs are shown by the inset together with the corresponding S.D.s.
high degree of precision is preserved at VS-V1 synapses (Fig. 4C) .
The V1-cell receives its input from three VS-cells. The receptive fields of all three input elements overlap but are slightly displaced with respect to each other (Krapp et al., 1998) . Although no dual recordings from VS-cells are currently available, the temporal fine structure of VS-cell responses is likely to be highly correlated. This is expected, because for other fly TCs with overlapping receptive fields and, thus, largely common synaptic input, spikes tend to synchronize with a millisecond precision. Such synchrony occurs despite of the fact that most of the spikes are not time locked to the visual motion stimuli (Warzecha et al., 1998) . This feature needs to be kept in mind when interpreting the high correlation between rapid presynaptic depolarisations and postsynaptic spikes. By visual stimulation it is not possible to activate only one of the VS-cells exclusively because their receptive fields overlap to a large extent. Therefore, an analysis based on visual stimulation, like ours, does not allow definite conclusions about the transmission properties of a single synapse. Moreover, it is not easily possible to ablate individual presynaptic VS-cells to study the influence of visually elicited activity of the remaining ones on the postsynaptic responses. Despite these qualifications, the current analysis allows us to assess the impact of synaptic transfer on the encoding of the natural sensory input of the system. Linearity and reliability of signal transfer are functionally relevant, regardless of the synaptic mechanisms which provide them.
Signal transfer at synapses on different timescales
Linear signal transfer between neurons cannot be taken for granted, since the overall synaptic transmission properties as well as the underlying cellular processes were found to be highly nonlinear in many systems (e.g. Johnston and Wu, 1995; Augustine, 2001) . Synaptic transfer between spiking neurons was found to be sigmoidal after blocking the sodium channels by TTX (Katz and Miledi, 1966; Graubard and Calvin, 1979) . Similar sigmoidal synaptic transfer characteristics were reported for graded synaptic transmission (e.g. Simmons, 1999) . In contrast to synaptic transmission of spikes, the threshold for transmitter release at graded synapses is frequently close to the resting potential and thus also allows for the transmission of small changes in presynaptic membrane potential (Burrows and Siegler, 1978; Graubard and Calvin, 1979 ; see also Fig. 2 ). For the analyzed VS-V1 synapses a linear relationship between presynaptic membrane potential and postsynaptic spike rate was found for the entire range of presynaptic depolarizations elicited by preferred-direction motion. The saturation range of a sigmoidal synaptic transmission characteristic is not reached even by very strong visual stimuli. In contrast, null-direction motion which hyperpolarizes the presynaptic VS-cell below its resting potential does not much affect postsynaptic activity ( Fig. 2 ; see also Kurtz et al., 2001) .
Not only relatively slow graded membrane potential changes are transmitted at VS-V1 synapses, but also rapid spike-like presynaptic depolarizations. This finding suggests that synaptic transmission is not limited to the relatively slow changes of the graded presynaptic membrane potential but operates on different timescales. A similar conclusion was drawn for the stomatogastric system of crustaceans. Here the amplitude of the postsynaptic response was found to depend on the time course of the presynaptic depolarization waveform. Transmitter release was found to be larger when evoked by graded membrane potential changes than when evoked by action potentials (e.g. Manor et al., 1997) . In the peripheral visual system of locusts synaptic transmission of graded potentials depends on the dynamic properties of the presynaptic signal (Simmons, 2002a) . In this study it could be shown that the rate at which the presynaptic potential depolarizes determines the resulting membrane potential change in the postsynaptic neuron. These features of synaptic transmission may be highly relevant when the presynaptic potential changes at a wide range of timescales, as is the case in VS-cells during visual motion stimulation. However, in contrast to the synapses of the locust system which owe their characteristic transmission properties to synaptic depression (Simmons, 2002a) , there is no indication of depression or facilitation at fly VS-V1 synapses. For instance, even during prolonged motion stimulation the presynaptic potential and the postsynaptic spike rate are largely proportional (Warzecha, unpublished observations). Moreover, when the linear reconstruction method is used to recover the presynaptic potential from the postsynaptic spike trains, the linear filters determined for the first second of dynamic motion stimulation did not differ consistently from those determined for the last second of stimulation (Warzecha, unpublished observations) . Current experiments in which the membrane potential and/or presynaptic calcium of VS-cells are manipulated in a well-defined way by either current injection or flash photolysis of caged calcium are aimed at unraveling the synaptic transfer more systematically than is possible with natural sensory stimulation (Kurtz, unpublished observations) .
There is evidence that transmitter release in spiking and graded-potential neurons is caused by different calcium currents. In leech heart interneurons graded transmission was found to be mediated by low-threshold calcium currents (Angstadt and Calabrese, 1993; Ivanov and Calabrese, 2000) , whereas high-threshold calcium currents appear to underlie spike-mediated synaptic transmission (Lu et al., 1997; Ivanov and Calabrese, 2000) . It needs to be analyzed in future experiments whether equivalent mechanisms underlie signal transmission at slow and fast timescales at VS-V1 connections.
Although there are many studies on the reliability of synaptic transfer in spiking neurons (review: Faber et al., 1998) , there are only few studies, mainly in the peripheral insect visual system, on the reliability of graded synapses (Laughlin et al., 1987; Juusola et al., 1995; De Ruyter van Steveninck and Laughlin, 1996; Simmons, 1999 Simmons, , 2002b . In the latter systems synaptic transmission was found to be a major cause of variability in the postsynaptic potential limiting the smallest size of change in presynaptic potential that can be transmitted faithfully across the synapse. In contrast, most of the noise limiting the reliability of the system analyzed in the present account appears to originate peripherally to the investigated synapse because the velocity of the motion stimulus can be reconstructed almost equally well by a linear system on the basis of the pre-and postsynaptic signals (Fig. 5) .
Synaptic performance in the behavioral context
The response amplitude of all TCs depends on a variety of stimulus parameters, most notably on stimulus velocity (e.g. Hausen, 1981; Hausen and Egelhaaf, 1989) . TCs are tuned to particular types of optic flow as it is induced on the eyes during self-motion Hausen and Egelhaaf, 1989 ). The neuronal computation of self-motion is facilitated by a comparison of visual motion information originating from both eyes (reviews: Hausen, 1981; Dahmen et al., 2000; Egelhaaf et al., 2002; Borst and Haag, 2002) . If an element relays motion information linearly from one side of the brain to the other, like the V1-neuron, the stimulus-dependence of the neuronal activity is maintained. Otherwise the dependence on stimulus parameters would be different for heterolateral and unilateral TCs and could impede a comparison of visual motion information from both eyes. Linear synaptic signal transfer may thus be adaptive in the functional context of self-motion estimation on the basis of binocular optic flow.
Signal transfer between VS-V1 neurons is linear for graded presynaptic membrane potential fluctuations of up to approximately 10 Hz. Interestingly, this range fits to the range in which visual motion is transmitted with a high gain by the visual system. As a consequence of the mechanisms underlying visual motion computation, velocity fluctuations at frequencies above 10 Hz are represented by TCs with decreasing gain. Above approximately 20 Hz the membrane potential noise in TCs was found to exceed the stimulus-induced response component Warzecha et al., 1998) . As a consequence, the timing of spikes on a millisecond timescale is mainly determined by noise and not by velocity fluctuations. These findings imply that VS-V1 synapses operate approximately linearly in a frequency range where the visual motion pathway is most sensitive to changes in velocity. The significance of all these features of TCs and, in particular, of the synaptic signal transfer of the VS-V1 synapses for the operating conditions during normal behavior needs to be assessed with stimuli that are not designed by the experimenter but are generated by the behaving animal by its actions and reactions. Thanks to recent advances of technology this sort of analysis is now possible Lindemann et al., 2002; Kern et al., 2001) . Notwithstanding, our current systems analysis based on visual motion stimuli that were specially designed by the experimenter sets the conceptual frame which is necessary to understand the responses to the much more complex behaviorally generated visual motion stimuli.
